The presence, distribution, and preservation of coral-rich facies in the lower Oligocene Gornji Grad Beds of Slovenia are analyzed using a microtaphofacies approach. This method allows taphonomic signatures to be recognized in thin section along with the presence of coral specimens and growth forms within and between stratigraphic logs. Coral-dominated limestones within the Gornji Grad Beds are represented by rudstones in a packstone-wackestone matrix. The conditions are generally reconstructed as turbid water due to the prevalence of muddy carbonate matrix, which also leads to excellently preserved morphological features in thin section.
INTRODUCTION
Coral reef frameworks and coral rubble are very common facies in the geological record. Studies from modern coral reefs, however, clearly reveal that taphonomic processes play a major role in determining the characteristics of both coral framework and rubble preservation (e.g., Pandolfi and Greenstein, 1997; Greenstein and Pandolfi, 2003; Blanchon and Perry, 2004; Perry and Smithers, 2006) . These taphonomic processes can either act as constructive (e.g., by encrustation or marine cementation) or destructive (e.g., bioerosion and physical disruption) agents (Hutchings, 1986; Scoffin, 1992; Greenstein, 2007; Perry and Hepburn, 2008) , with the latter commonly being responsible for the formation of abundant skeletal debris, as recognized, for example, from cores through modern reefs (Hubbard et al., 1990 (Hubbard et al., , 2001 . This is also the case in the fossil record, where coral rubble is often a dominant facies (coral floatstones and rudstones) of shallow-water carbonate systems, while in situ reef frameworks are quite rare (e.g., Flü gel, 2004) . Despite their relevance, however, taphonomic processes as possible paleoenvironmental indicators of ancient coral frameworks and rubble deposits are rarely investigated.
Studies of reefs in present-day, turbid, nearshore environments have shown that the internal depositional fabrics of these reefs contain a particularly high proportion of coral rubble (Perry, 2005; Perry and Smithers, 2006 ) exhibiting a distinct suite of taphonomic signatures. In these settings, coral clasts are characterized by limited encrustation, variable levels of bioerosion, poorly developed marine cements, and a low degree of porosity due to prevalent fine-grained sediments. The presence, intensity, and temporal sequence of these processes, such as the relative abundance of key encrusters and/or bioeroders, vary according to the types of skeletons and growth forms present, as well as ambient environmental parameters such as depth, wave energy, light, turbidity, and nutrient availability (Pandolfi and Greenstein, 1997; Greenstein and Pandolfi, 2003; Perry and Hepburn, 2008) . Generally, the longer the surface residence time of a skeletal component before final burial, the more diagnostic taphonomic signatures can be present (Perry and Hepburn, 2008) . As a consequence, according to Nebelsick and Kiene (1997) , the study of poorly preserved coral fragments due to high taphonomic alteration can significantly contribute to the reconstructions of reef environments.
In the literature of fossil coral reefs, taphonomy is basically perceived through studies concerning bioerosion, especially macroboring, and its role within processes of reef evolution and reef demise (Hallock, 1988; Vogel, 1993; Wood, 1993; Edinger and Risk, 1994; Perry, 1996; Bertling, 2000; Perry and Bertling, 2000) . Detailed studies dealing with the recognition of coral taphofacies based on different taphonomic signatures are lacking. One method to study the taphonomy of coralbearing facies in the fossil record is to apply a microtaphofacies approach (Brachert et al., 1998 , Nebelsick et al., 2011a . This method entails describing and eventually quantifying taphonomic signatures recognized in thin section and permits the taphonomy of components to be studied in indurated carbonates where little information can be gained from isolated three-dimensionally preserved fossils. Applying microtaphofacies analysis to regularly spaced thin-section series makes it possible to compare taphonomic development within and between stratigraphic logs. Taphonomic signatures such as encrustation and bioerosion sequences can be followed in great detail and the temporal sequence of events can thus be reconstructed. Many aspects of taphonomic observations of carbonates in thin section are inherent to microfacies analysis (see numerous examples in Flü gel, 2004) and have been discussed by several authors (e.g., Sanders, 1999 Sanders, , 2003 Oló riz et al., 2004; Sanders and Krainer, 2005; .
Studies on both recent and fossil coral communities have also shown that corals and coral reefs can thrive in episodically or permanently turbid water conditions. These environments differ from those of shallow-water, clear, oligotrophic settings (Hallock and Schlager, 1986; Schlager, 2000 Schlager, , 2003 Hallock, 2005) with respect to the various controlling ecological parameters such as light, turbidity, salinity, sedimentation rate, and nutrient conditions, as well as the resulting faunal composition. Turbid-water settings have been a continuously available habitat for corals in the past (Potts and Jacobs, 2000) and are characterized by well-developed coral growth (Woolfe and Larcombe, 1999; Perry, 2005) . Many coral bioconstructions in the fossil record are, in fact, associated with marly and mixed carbonate-siliciclastic sediments (Sanders and Baron-Szabo, 2005) . There are few studies, however, concerning the composition, structure, and depositional relationship of corals in ancient turbid-water habitats, especially in the Cenozoic (Braga et al., 1990; Wilson, 2005; Lokier et al., 2009; Klaus et al., 2011; Morsilli et al., 2011) .
The main purpose of this study is to analyze the presence, distribution, and preservation of coral-rich facies in the lower Oligocene, Gornji Grad Beds of Slovenia based on thin-section analysis and recognition of microtaphofacies (MTFs). Numerous thin sections allow the corals and their preservational features to be analyzed and interpreted in order to provide a more detailed characterization of fossil reefs in turbid-water settings, specifically within the Oligocene reef window. This was a time of reef development and high coral diversity (Frost, 1977; Budd, 2000; Perrin, 2002; Bosellini and Perrin, 2008; Johnson et al., 2008 ) when coral communities not only successfully colonized open sea margins of carbonate platforms, but also thrived in turbid environments such as delta and nearshore depositional settings.
GEOLOGIC SETTING
The lower Oligocene Gornji Grad Beds in Slovenia (Fig. 1) represent one of the most significant coral-bearing units for the early Oligocene (Rupelian) of the northwestern Tethys. Corals from the Gornji Grad Beds (named Oberburg in the older literature) are described in the classic systematic study of Reuss (1864) . This fauna was subsequently revised in part by Barta-Calmus (1973) based on the very incomplete Reuss collection deposited at the Natural History Museum in Vienna, Austria, and on other collections at the Museum of the Ivan Rakovec Institute of Palaeontology of Ljubljana, Slovenia. Recently, the Gornji Grad Beds have been the subject of several studies on specific components, especially coralline algae and facies relationships Schmiedl et al., 2002) , but no modern studies have been completed on the corals or coral facies in particular. Corals within the Gornji Grad Beds are contained mainly within indurated rudstone carbonates with some isolated colonies observed in intercalated marly intervals .
The transgressive Paleogene succession to which the Gornji Grad Beds belong (Fig. 1) is initiated by the limno-fluviatile Basal unit consisting of conglomerates, sandstones, and marls, formally assigned to the Okonina conglomerates (Hemleben, 1964; Cimerman, 1979) . The thickness of this unit reaches up to 400 m and includes charophytes that indicate a late Eocene-early Oligocene age (Schmiedl et al., 2002) . The Basal unit can also be represented by 50-70 m of coarse sandstones and conglomerates. The Gornji Grad Beds overlie not only this Basal unit (in the southern part of the study area), but can also follow Eocene limestones (to the north) or directly transgress over Triassic limestones .
The Gornji Grad Beds themselves consist of a 5-30-m-thick succession of brackish to marine marls, sandstones, and marine carbonates. Marine conditions are indicated by the appearance of marine benthic foraminifera (Hemleben, 1964; Schmiedl et al., 2002) . The presence of Nummulites fichteli and N. germanicus as well as Halykardia maxima and ''Peneroplis armorica'' (Drobne et al., 1985; dates the Gornji Grad Beds as early Oligocene corresponding to Biozone SB21 (Cahuzac and Poignant, 1997) . The Gornji Grad Beds are followed by the ,170-270 m marls of the Tegel unit (Schmiedl et al., 2002) deposited during the late Oligocene (nannoplankton zones NP23-NP24; Jelen et al., 1980; Bricl and Pavšič, 1991) . These sediments are capped by the late Oligocene-early Miocene volcaniclastic Tuffite unit (Hanfland et al., 2004) .
Microfacies analysis of the Gornji Grad Beds shows carbonates dominated by poorly sorted rudstones with packstone-wackestone matrix. Subordinate packstones and grainstones are also present. Coralline algae are the best-studied components of the Gornji Grad Beds with eleven species belonging to nine genera present . Corals are common within the limestones as well as isolated finds within marls. Further components are smaller benthic foraminifera, larger benthic foraminifera, encrusting foraminifera such as Haddonia, and bivalves. Subordinate components are bryozoans, echinoderms, gastropods, serpulids, thecideid brachiopods, and dasycladalean green algae. Carbonate facies were distinguished using multivariate statistical treatment of point-counting results of thin sections as well as general fabric analysis. The following facies were discerned: (1) nummulitic, (2) bivalve, (3) foraminiferal-coralline algal, (4) grainstone, (5) coralline algal, (6) coralline algal-coral, and (7) coral facies. These facies were interpreted with respect to substrate characteristics, water turbulence, sediment input, and light .
All of these facies, except for the grainstone facies, are characterized by a high content of carbonate muddy matrix. The coral facies generally shows rudstones in packstone-wackestone matrix. Corals dominate this facies (on average 60% of the component contribution) together with subordinate encrusting coralline algae. Other rare components are small and larger foraminifera, bivalves, and echinoderms, as well as foraminifera and bryozoans included within encrustation sequences.
MATERIAL AND METHODS
This study is based in part on the stratigraphic sections used for facies reconstructions and for the study of coralline algae . Four stratigraphic sections where corals dominate are investigated in more detail: Krznar (KR), Korenovec (KO), , and Dupeljnik-6 (DU6) (Fig. 1) .
Microtaphofacies analysis has been performed using 42 standard (5 3 5 cm) and 25 large (,8 3 10 cm) thin sections cut perpendicular to the bedding plane. A detailed microtaphofacies analysis is possible due to the exceptionally well-preserved features visible in thin section. Rock textures were named following Dunham (1962) . The textural classification of Embry and Klovan (1971) was used allowing for a general component and matrix description. The coral fauna was examined with respect to taxonomic composition (at the generic level), growth forms, and taphonomy. The semiquantitative evaluation of coral presence and growth forms used three categories: (1) not present, (2) rare, and (3) common (Figs. 4-7) .
Eight coral genera were identified: Stylophora, Acropora, Astreopora, Actinacis, Goniopora, Alveopora, Caulastrea, and Antiguastrea (Fig. 2) . Unidentified corals, due to the lack of distinguishing characters or the effects of high fragmentation rates and/or diagenetic processes, were also considered. Nevertheless, these do not exceed an average of 30%-40% within the total number of thin sections. Organisms belonging to the class Hydrozoa that could not be assigned to a lower taxonomic level have been considered as well.
Four different coral growth forms were distinguished: branching, thick-branched, phaceloid, and massive. Branching morphotypes consist of finely arborescent coral colonies having corallites distributed all around the branches. Thick-branched corals are usually nonarborescent, with a digitate to columnar-like shape, and also have corallites all around the branches. Phaceloid forms contain differentially spaced single branches, each corresponding to a single corallite. Corallites can be monocentric or bi-to tricentric. The term massive is used in a broad sense to indicate non-ramose (branching or phaceloid) morphologies ranging from domal to globose or possibly slightly tabular forms.
Taphonomic processes can be differentiated into: (1) processes occurring before final burial (the subject of this paper), and (2) postdepositional features including diagenesis, compaction and resulting pressure solution. Diagenesis leads to the leaching of the primary aragonitic skeletons of the corals and their replacement by calcite. Distinguished taphonomic signatures are fragmentation, abrasion, encrustation, and bioerosion. Their degree of incidence is semiquantitatively estimated according to three categories, namely (1) low, (2) moderate or (3) high .
Fragmentation ( Fig. 3A) cuts across morphological features. Facies consisting of coral floatstones-rudstones, especially if dominated by delicate-branching growth forms as in the present study, obviously show a certain degree of fragmentation. Low rates are scored if fragmentation is restricted to delicate-branching corals, and high rates when massive coral growth forms are fragmented. Abrasion ( Fig. 3B ) is clear when surface morphological features such as the wall structures have been removed; the loss of these features leads to a reduction in the diameter of the corals. Diameter can only be assessed for branching or phaceloid corals cut perpendicular to their growth orientation. Encrustation ( Fig. 3C ) occurs by a variety of organisms dominated by various coralline algae and encrusting foraminifera such as Haddonia. Unidentified species of encrusting gypsinid, acervulinid, and planorbulinid foraminifera are rare, along with thecideid brachiopods and bryozoans Nebelsick et al., , 2011b . Occasionally, complex, multi-taxon encrustation sequences are present.
Bioerosion ( Fig. 3D ) is usually distinguished into microboring and macroboring (Perry and Hepburn, 2008 and references therein) . Microboring results from the activity of photosynthetic cyanobacteria, chlorophytes, and rhodophytes, as well as heterotrophic fungi and bacteria, producing boreholes ranging from 1-100 mm. Organisms responsible for macroboring include sponges, polychaete and sipunculid worms, bivalves, and cirripeds. Only bioerosion falling within the macroboring size range is analyzed in this paper as these boreholes can be easily distinguished and identified in thin section. Bioerosion is recognizable through sediment-filled holes in the calyx; the bioeroding organisms themselves are rarely preserved. Three types of bioerosion traces are identified:
1. Subrounded to rounded chambers, in part interconnected, referred to the ichnogenus Entobia resulting most likely from boring clionid sponges (Bromley and D'Alessandro, 1984, 1989) .
2. Large round holes, referred to the ichnogenus Gastrochoenolites, probably resulting from boring bivalves such as Lithophaga (Kelly and Bromley, 1984; Scott, 1988) .
3. Short and narrow small borings, rounded in cross section, referred to the ichnogenus Trypanites probably produced by polychaete and sipunculid worms (Bromley, 1972) .
RESULTS: STRATIGRAPHIC SECTIONS Krznar Section (KR)
The Krznar section (Fig. 4) can be correlated to the type locality of Reuss's (1864) collection (C. Hemleben, personal communication, 1994) . The section begins with ,6 m of poorly exposed sandstones attributed to the bivalve facies that contain only rare, very small unidentified coral fragments. The top of the section consists of ,2 meters of weakly consolidated coralline algal-coral rudstones separated by thin marly layers, which can be rich in isolated corals dominated by thin-branched Stylophora and subordinate Acropora. The beds become richer in coralline algae and corals before the onset of the marls of the Tegel unit.
The base of the coral facies consists of a rudstone with a wackestone (locally packstone) matrix. Both scleractinian corals and hydrozoans are present. Fragments of phaceloid Caulastrea-like corals dominate, together with fragments of branching Stylophora and thick-branched Actinacis; a few fragments of Astreopora occur as well. Coralline algae are abundant as isolated thalli and sometimes as encrusting forms. Toward the top of the section, the coral facies is represented by a welldefined, 60-cm-thick layer with abundant fragments of branching corals lying parallel to bedding. Phaceloid corals such as Caulastrea are dominant, together with Stylophora, Alveopora, Actinacis, and some acroporiids (Astreopora or Acropora) as well as isolated Antiguastrea.
Korenovec Section (KO)
As illustrated by and , the 6-m-thick Korenovec section shows a variety of facies (Fig. 5) . Coral remains, although unidentifiable at lower taxonomic level because of fragmentation and abrasion, are present as secondary components in the bivalve and grainstone facies. The base of the coral facies consists of rudstones with a wackestone-packstone matrix. Fragments of Acropora are dominant, together with abundant hydrozoans; fragments of Caulastrea are subordinate. Some fragments of Astreopora also occur. Associated fauna consists of miliolids, and fragments of bivalves and isolated coralline algal thalli. Corals become highly fragmented and difficult to recognize toward the top of the coral facies. Phaceloid colonies dominate with common branching corals (including Acropora). Subordinate massive coral fragments also occur. Coral fragments are oriented parallel to bedding.
Dupeljnik-3 Section (DU3)
The Gornji Grad beds reach their major thickness in the Dupeljnik Valley and especially along the Dupeljnik-3 section (Fig. 6 ). The base of the section consists of upper Eocene orthophragminid limestones, followed by ,30 m of partially sandy marls. Oligocene limestones consist of distinct beds with marly intercalations and a wide variety of facies .
Corals are generally present throughout the section as important secondary components. Corals in the coralline algal-coral facies show abundant fragments of phaceloid (Caulastrea) and branching (Acropora) growth forms. Stylophora is present, but not common. Only few
fragments of massive corals (Astreopora) and thick-branched corals (Actinacis-Goniopora) are present. In the middle part of the section corals are strongly fragmented and abraded, generally preventing lower taxonomic identification. Phaceloid growth forms are the most frequent, with branching (Acropora slightly dominates over Stylophora) and thick-branched forms subordinate; massive corals are absent. The grainstone facies at the top shows only few highly abraded coral fragments.
Dupeljnik-6 Section (DU6)
The Dupelnik-6 section ( Fig. 7) follows stratigraphically above the Dupeljnik-3 section, is about 17 m thick, and consists of numerous limestone beds intercalated with marls. The limestones are completely dominated by the coral facies. Some graded bedding of components is present (DU6.2-6.4). The basal part of the section shows rudstones with a packstone-wackestone matrix. These beds are dominated by fragments of branching (mainly Acropora, with Stylophora subordinate and restricted to poorly preserved small fragments) and thick-branched corals (Goniopora dominant, with few Actinacis). Larger fragments of likely massive Astreopora also occur. Phaceloid corals (Caulastrea) are subordinate.
A relatively higher coral diversity is reached toward the middle part of the section. Acropora still dominates together with common Actinacis, Astreopora, and Goniopora. Caulastrea is also present, whereas Stylophora is rare. These beds also record the occurrence of a few massive faviids (Antiguastrea) and other smaller fragments. Branching hydrozoans are also present.
The top of the section is represented by rudstones with a packstone matrix rich in highly fragmented bioclasts. Diagenesis and compaction make taxonomic identification difficult with the exception of acroporiids (Acropora and Astreopora). Branching growth forms dominate, associated with phaceloid and massive forms. The clasts are distinctly oriented parallel to bedding.
RESULTS: CORAL MICROTAPHOFACIES
Five different coral MTFs are differentiated on the basis of dominant coral taxa, growth forms, and taphonomic signatures (fragmentation, abrasion, encrustation, and bioerosion) ( Table 1 ). All sedimentary textures consist of rudstones with a wackestone to packstone matrix. MTFs 1, 2, 3, and 5 are dominated by corals and MTF 4 by coralline algae, with corals as significant secondary components. In general, MTFs have been recognized within only one stratigraphic section, with the exception of MTF 3 (KO and DU6 sections).
Microtaphofacies 1
Description (Figs. 8A-B ).-Phaceloid, branching, and thick-branching corals occur together with hydrozoans in a wackestone matrix. Stylophora and Caulastrea dominate, but Actinacis is also present. FIGURE 4-The Krznar section (KR) with semi-quantitative evaluation of coral diversity, growth forms and incidence of primary taphonomic processes.
FIGURE 5-The Korenovec section (KO) with semi-quantitative evaluation of coral diversity, growth forms and incidence of primary taphonomic processes. See Fig. 4 for legend.
FIGURE 6-The Dupeljnik-3 section (DU3) with semi-quantitative evaluation of coral diversity, growth forms and incidence of primary taphonomic processes. See Fig. 4 for legend.
812
SILVESTRI ET AL.
PALAIOS
Fragmentation is scored as moderate due to the preservation of delicate, thinly branched growth forms (Fig. 8A) as well as fragmented thick-branched growth forms (Fig. 8B) . Abrasion rate is high. Encrustation is sparsely present consisting of thin (,1 mm), laminar coralline algal crusts with subordinate encrusting foraminifera. No evidence of crusts fragmented together with corals is observed. Bioerosion is moderately present and slightly dominated by Gastrochoenolites. Some Entobia and Trypanites traces are present. Bioerosion traces are usually overlain by rare encrustations.
Distribution.-Restricted to top of the Krznar section (Fig. 4) .
Interpretation.-The relatively diverse associated fauna and the stratigraphic position immediately above sandstones of the bivalve facies (Fig. 4) are interpreted to reflect a relatively proximal, sedimentinfluenced setting. The mud-dominated wackestone texture and the moderate occurrence of fragmentation, even on delicate growth forms, is consistent with a parautochthonous coral assemblage deposited in a relatively low-energy setting, occasionally affected by episodes of higher water energy. Encrustation is very variable even on single clasts as observed in present-day turbid nearshore environments (Perry, 2005) . These features, according to Perry and Smithers (2006) , may reflect a limited and/or variable surface residence time due to rapid sediment burial. A high supply of suspended organic matter from the coast, together with low water turbulence and sheltered conditions, could promote bioerosion. The stronger development of bioerosion with respect to encrustation may reflect the fact that the former process partially affected living corals. Bioerosion can weaken corals making them more vulnerable to breakage. Branching corals, with their reduced size and greater exposed surface areas, are especially prone to breakage even if depth of bioerosion is shallow (Pleydell and Jones, 1988) . Corals were thus generally susceptible to higher fragmentation rates even during relatively low-energy conditions, with consequent production of a significant amount of coral rubble.
The low-diversity coral fauna is dominated by phaceloid, branching, and thick-branching growth forms. According to Stafford-Smith (1993), branching growth forms are by far the most effective with respect to sediment clearance by passive removal. Stylophora is considered a pioneer, fast-growing genus, common in a wide spectrum of stressed environments. Corals with phaceloid growth forms are also considered to flourish in sediment-influenced settings as they feed largely or entirely heterotrophically (Dryer and Logan, 1978) . These growth forms represent adaptations to soft muddy substrates and to relative high sedimentation rates in low-hydrodynamic regimes (Dupraz and Strasser, 2002) . Actinacis is also considered to be a pioneer, sediment-resistant genus (Frost, 1981) , and its thick-branched growth form has been interpreted as an adaptation to quiet, muddy environments (Bosellini and Trevisani, 1992; Bosellini and Stemann, 1996) .
Microtaphofacies 2
Description (Figs. 8C-D ).-Branching corals (i.e., Acropora) and to a lesser extent phaceloid forms (i.e., Caulastrea) dominate, together with abundant delicately branched hydrozoans. Corals are embedded in a wackestone-packstone matrix; fragmentation is low and abrasion moderate. Encrustation is very variable and can be absent or homogenously developed around corals, usually as lumpy crusts up to 3 mm thick and composed of a multi-taxon assemblage including different coralline algal taxa, the calcareous alga Polystrata alba, bryozoans, and encrusting foraminifera (Haddonia). Bioerosion is low and restricted to a few Trypanites and Gastrochoenolites traces which are usually covered by encrustations (Fig. 8D) . Some encrustations are fragmented together with their coral substrates (Fig. 8C) .
Distribution.-Restricted to the upper part of the Korenovec section (Fig. 5) .
Interpretation.-Texture type, low fragmentation rates, and the dominance of delicately branched corals and hydrozoans reflect a very low hydrodynamic setting where corals were deposited nearly in situ. Given the inferred low-hydrodynamic regime, continuous reworking of coral rubble allowing for symmetrical growth of encrusters is unlikely. The presence of homogenous complex crusts thus suggests encrustation of living corals, also supported by the fact that fragmentation occurred after encrustation. The development of thick and complex encrustation sequences also suggests long-living corals, at least with respect to those of MTF 1. Well-developed encrustations around living corals could also strengthen the skeleton with respect to fragmentation and bioerosion. As turbidity is known to be disadvantageous for newly recruited calcareous encrusters (Perry and Smithers, 2006) , this setting was probably relatively well lit and, in contrast to MTF 1, was characterized by high sediment accumulation rates resulting in a dominance of branching growth forms.
Microtaphofacies 3
Description (Fig. 8E ).-MTF 3 is totally dominated by strongly fragmented and abraded iso-oriented corals lying parallel to bedding and included within a packstone matrix. High fragmentation and abrasion preclude coral identification at lower taxonomic levels. The assemblage is dominated by phaceloid and/or branching growth forms with some massive corals. Bioerosion and encrustation rates are low, the latter with a few thin algal crusts. Fragmentation affects both corals and their encrustations.
Distribution.-Top of both the Korenovec (Fig. 5 ) and Dupeljnik-6 sections (Fig. 7) .
Interpretation.-The iso-oriented coral fragments reflect an assemblage aligned by unidirectional currents. This orientation, together with the high rates of fragmentation and abrasion, suggests a relatively high rate of water agitation if not transport. Strong abrasion and fragmentation may have prohibited potential recognition of other taphonomic signatures such as encrustation and bioerosion. Higher accumulation rates did not promote post-depositional bioinfestation.
Microtaphofacies 4
Description (Fig. 8F ).-The limestones of this MTF belong to the coralline algal-coral facies. Highly fragmented and abraded Acropora and Caulastrea dominate, but numerous corals are unrecognizable due to poor preservation. The associated sediment shows a packstone texture. Encrustation is very well developed and can be formed by multi-taxon assemblages dominated by coralline algae associated with encrusting foraminifera and bryozoans. Crusts are homogenously distributed around coral clasts, sometimes with lumpy growth forms. Most encrustations are developed around fragmented corals, although some crusts occur broken along with their substrates. Bioerosion rates (due to Entobia, Gastrochoenolites, and Trypanites) are very different, pervasive in some corals while lacking in others. Entobia preferentially affects Stylophora fragments. There is little evidence of traces broken by fragmentation. Boring traces usually occur underneath encrustations, but can also encompass both corals and crusts.
Distribution.-Restricted to the Dupeljnik-3 section (Fig. 6) .
Interpretation.-The coralline algal-coral facies shows the highest diversity of coralline algae both in terms of taxa and growth forms , reflecting a variety of substrate conditions. Highly reworked, non-autochthonous coral fragments most probably provided suitable substrates for the coralline algae. The packstone texture, locally grading into grainstones, is consistent with a relatively higher hydraulic regime than in the previous MTFs. Both transport and reworking were responsible for fragmentation and abrasion. The development of complex and thick encrustation sequences reflects an exposed setting characterized by relatively high water turbulence and low sedimentation rate leading to a relatively long surface residence time of coral remains.
Microtaphofacies 5
Description (Figs. 9A-C) .-This MTF is represented by densely packed rudstones in a wackestone-packstone matrix. The coral fauna appears to be more diverse than in the other MTFs. Very common delicate-branching corals (mostly Acropora) are accompanied by fragments of thick-branched, columnar-like Goniopora and Actinacis and also by some massive corals, especially Astreopora and subordinately faviids (i.e., Antiguastrea). Fragmentation is high and also affects massive growth forms (Fig. 9A) ; abrasion is moderately developed. Encrustation as thin (,1 mm) coralline algal crusts is moderate. Bioerosion is high and represented by Gastrochoenolites and Trypanites with subordinate Entobia. Boring traces are usually broken by subsequent fragmentation and topped by encrustations when present. Crusts are homogenously developed around coral fragments, thus encrustation is the last process affecting the coral remains on the sediment surface.
Distribution.-Restricted to the lower-middle part of the Dupeljnik-6 section (Fig. 7) .
Interpretation.-Although a certain degree of reworking can be inferred by high fragmentation rates, coral rubble was deposited nearly in situ as supported by relatively moderate abrasion rates. High degrees of fragmentation can be explained by intense bioerosion, which weakened the fine-branching morphotypes (Pleydell and Jones, 1988) . Massive growth forms are also highly susceptible to bioerosion as they offer attractive substrates for bioeroders (Perry, 1996; Pandolfi and Greenstein, 1997) . Bivalves, worms, sponges -A sheltered low-hydrodynamic setting is inferred for MTF 5. The dominance of traces referred to boring bivalves (Gastrochoenolites) and worms (Trypanites) over those of boring sponges (Entobia) has been reported as a possible indicator of high sedimentation, turbid environments (Macdonald and Perry, 2003; Smithers and Larcombe, 2003) . Massive corals may indicate a setting where turbidity is more important that sediment accumulation in determining coral presence. Massive corals are more dependent on active sediment rejection than the passive sediment removal utilized by branching corals (Bak and Elgershuizen, 1976; Rogers, 1983) . This mechanism is an effective process for removing fine-grained sediments (Stafford-Smith, 1993) which are prevalent as suspended particles especially in low-turbulent settings. The high rates of boring traces furthermore suggest high nutrient availability. Studies from the Great Barrier Reef demonstrate that a shift in macroboring communities from sponge to bivalve dominance is typical of nearshore fringing reefs within turbid and nutrient-rich environments (Sammarco and Risk, 1990; Risk et al., 1995; Schönberg et al., 1997) .
A quiet setting is reconstructed for MTF 5, likely more distal than those inferred for the other nearly in situ MTFs 1 and 2. Suspended mud could possibly serve as a food source for macroborers and even for heterotrophic corals (Anthony and Fabricius, 2000) . Low water transparency could be disadvantageous for calcareous encrusters (Perry and Smithers, 2006) , thus explaining the limited development of complex and thick encrustations on corals.
DISCUSSION Temporal Sequence and Mutual Influence of Taphonomic Processes
Determination of the temporal sequence of taphonomic features can be used to establish whether coral fragmentation occurred before or after bioinfestation. This distinction is needed in order to identify bioerosion-induced fragmentation as interpreted for MTFs 1 and 5. The identification of bioerosion as present prior to encrustation is relatively easy to determine if the non-bored crusts extend over and seal bored substrates. This feature has been assessed for most of the microtaphofacies (except MTF 3) allowing encrustation to be recognized as the last taphonomic process to occur before burial. The lack of truncated traces within a facies displaying a considerable degree of bioerosion may demonstrate that it occurred after fragmentation. This assumption, however, must be evaluated with caution, especially when bioerosion is dominated by smaller traces such Trypanites. Inferring post-fragmentation encrustation is clearly denoted by crusts covering the broken boundaries of coral fragments (MTF 4).
The close relationship between abrasion and bioerosion may reflect high rates of biological activity. Protection offered by encrustation against pervasive fragmentation and bioerosion provided by strengthening and coating the coral skeletons can be assumed for MTF 2. In turn, highly fragmented coral rubble is likely to be preferentially infested by encrusters (Nebelsick et al., 2011b) and borers (Perry, 1996) . Abrasion seems to be positively correlated with fragmentation, which is to be expected since physical abrasion and fragmentation are related to higher water energy rates. Finally, high degrees of fragmentation can ultimately exacerbate the recognition of previous taphonomic processes (MTF 3). The temporal sequences of taphonomic processes inferred for the analyzed microtaphofacies and their possible environmental significance are illustrated in Figure 10 .
Microtaphofacies (MTFs) and Sedimentary Input
Stress due to sedimentary input is known to play a major role in determining coral diversity, density, health, vulnerability, and duration of coral communities. This aspect is assessed for the coral assemblages of Gornji Grad Beds, where coral diversity is kept at low levels and a general shift to sediment-resistant genera is displayed. The influence of sedimentary input resulting in water turbidity or sediment accumulation can be evaluated through a combined analysis of dominant coral genera, growth forms, and taphonomic features. The most significant information concerning sedimentary input is mainly obtained from the parautochthonous MTFs, namely MTFs 1, 2, and 5.
Sediment accumulation may cause the dominance of coral branching morphotypes that are adapted to passive removal of sediment (Sanders and Baron-Szabo, 2005) , and also contribute to low levels of encrustation and bioerosion on coral remains (Scoffin, 1992) . A high amount of sediment accumulation can thus be inferred for MTFs 1 and 2, clearly dominated by typically fast-growing branching corals (including some pioneer genera such as Stylophora and Actinacis) and could also be responsible for the much lower intensity and complexity of encrustation in MTF 1 with respect to MTF 2.
Fine-branching Stylophora and Acropora, which dominate MTFs 1 and 2, are known to feed largely autotrophically and hence to be generally light dependent, but large polyped, massive corals can ultimately cope well with low water transparencies as they cover large parts of their nutritional needs by heterotrophy (references in Sanders and Baron-Szabo, 2005) . The occurrence of massive growth forms assessed for MTF 5 may thus reflect a setting affected by water turbidity determined by fine-grained sediment suspension. This interpretation is corroborated by the particularly severe bioerosion assessed for MTF 5, which could be promoted by a relatively long surface residence time of coral remains. Lastly, the higher relative abundance of boring bivalves and worms as opposed to sponges within the macroboring community may be regarded as indicative of a setting where suspended sediment frequently occurred throughout the water column (Macdonald and Perry, 2003; Smithers and Larcombe, 2003) .
High sedimentary input can ultimately restrict the development of reef frameworks (Macdonald and Perry, 2003) or determine their destruction through the intensification of bioerosion due to high nutrient supply discharged by sedimentary input from the coast (Hallock, 1988; Edinger et al., 2000) . This aspect was assessed for the coral assemblages of Gornji Grad Beds, which actually did not form frameworks (see below) and were often reduced to coral rubble.
Depositional Model of the Gornji Grad Coral Assemblages
According to the depositional model proposed for the Gornji Grad carbonates by , a nearshore fully marine environment within the photic zone has been reconstructed for all the facies, including the coral facies. The present study has shown the potential of a non-conventional approach based on microtaphofacies analysis to investigate the coral facies in more detail. This approach allows different subenvironments and strategies of coral colonization to be distinguished.
A model has been developed (Fig. 11) showing the time-transgressive deposition of the investigated coral-rich succession during the early Oligocene and in particular, the distribution of MTFs in time and space and their relationship to the major environmental parameters. At time T1, coral colonization was only possible in the area of DU sections. Proximal marine and/or continental sedimentation occurred at the same time at other localities. Corals did not form true reefs, but rather isolated and patchy clusters sensu Riding (2002) (MTF 5). Clusters were composed of different coral growth forms even if dominated by thick- branched Actinacis and Goniopora, which are considered to be genera well adapted to mud-dominated settings. Higher water turbidity resulted not only from the large amount of suspended carbonate mud, but also from a possible higher concentration of nutrients. Nutrient supply promoted a flourishing of a bioeroding community shifting toward a Lithophaga-dominated association. High rates of bioerosion strongly contributed to rubble formation by weakening living corals and/or intensifying the breakage of coral remains after death. Coral debris could occasionally be transported laterally by currents and the highly reworked and encrusted MTF 4 may represent this depositional product (Riegl and Piller, 2000) . Dead coral remains were also occasionally transported into deeper waters (MTF 3). Episodes with higher turbidity and/or sediment accumulation were probably responsible for coral demise and subsequent sedimentation of marly layers devoid of macrofossils.
At time T2 and T3, marine transgression permanently prevented coral colonization first in the DU localities and afterward in KO as well, leading to deposition of the deeper marine sediments of the Tegel unit. At time T3, coral colonization was possible only in KR. MTFs 1 and 2 represent episodes of coral colonization at different times (T2 and T3, respectively). In these cases corals are interpreted to occupy small and patchy areas, not far from the coast (likely in depths of a few meters) and to represent relatively short-living coral communities where only a few fast-growing pioneer genera such as Stylophora could survive. Original associations are inferred to be represented by widelyspaced oligotypic coral carpets sensu Riegl and Piller (1999) dominated by finely branching corals. Coral carpets are reported in the literature to contain numerous sediment-infilled cavities: depositional products will frequently result in rudstones composed predominantly of coral rubble included in packstones or wackestones (Riegl and Piller, 1999) . Coral communities had to cope with the stress caused by periodic episodes of sediment suspension and/or accumulation. The allochthonous deposits of MTF 3 recognized at the top of KO section have been interpreted as coral remains transported into deeper waters, analogous to what is inferred for the DU6 section.
CONCLUSIONS
The depositional history and environment of the coral-rich facies in the lower Oligocene Gornji Grad Beds of Slovenia have been reconstructed through a detailed microtaphofacies study, emphasizing the potentiality of taphonomic features as paleoenvironmental indicators of fossil reefs, in particular those thriving within turbid-water conditions and affected by sedimentary input. Our main findings can be summarized as follows:
1. Five different microtaphofacies (MTFs) were distinguished and interpreted based on dominant coral taxa and their growth forms, and according to the presence, rates, and temporal succession of fragmentation, abrasion, encrustation, and bioerosion. Bioinfestation is further differentiated based on types of bioerosion traces and the taxonomy and thickness of encrusting organisms.
2. Taphonomic signatures such as fragmentation levels and abrasion rates allowed us to distinguish parautochthonous (MTFs 1, 2, 5) and allochthonous (MTFs 3, 4) assemblages.
3. The influence of sedimentary input was estimated for the parautochthonous assemblages. The dominance of mostly delicate coral branching morphotypes adapted to passive removal of sediment, together with low levels of bioerosion and encrustation, are good indicators of sediment accumulation and relatively high sedimentation rates. Turbid-water conditions with suspension of fine-grained sediment were recognized if the surface residence time of coral remains is relatively long, allowing for the development of intense bioerosion, especially that of boring bivalves like Lithophaga, and complex and thick encrustations.
4. These coral assemblages did not represent true reefs but rather cluster reefs sensu Riding (2002) or coral carpets sensu Riegl and Piller (1999) , dominated by a few sediment-resistant (Actinacis, Caulastrea) and/or fast-growing pioneer genera (Stylophora) within a muddominated setting.
5. Our results clearly show that coral rubble can also be formed in these relatively low-energy settings when bioerosion strongly affects delicate-branching corals thus weakening their skeletons and leading to bioerosion-induced fragmentation.
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